We report orientational imaging of the polarization distribution in nanostructured ferroelectric copolymer of polyvinylidene fluoride-trifluoroethylene (PVDF-TrFE) and collagen fibrils using vertical and lateral modes of piezoresponse force microscopy (PFM). In PVDF-TrFE, detection of azimuthal variations in the lateral PFM signal is attributed to the alignment of the molecular chains along different directions. Local switching in PVDF-TrFE is shown to proceed via 120 or 180 rotation of dipoles around the molecular chain, depending upon the strength of the applied electric field. Analysis of the vertical and lateral PFM signals in collagen reveals polar anisotropy of the electromechanical properties along the axes of the fibrils. The surface plots of the piezoelectric response are constructed for both materials based on their piezoelectric tensors and are shown to be consistent with the observed vertical and lateral PFM maps.
I. INTRODUCTION
Nowadays, there is a growing emphasis on understanding the properties of the polymer materials at the nanoscale. Natural biopolymers, e.g., collagen, keratin, cellulose, and synthetic electroactive polymers, such as polyvinylidene fluoride-trifluoroethylene (PVDF-TrFE) are of great importance for a number of research fields including biocompatible tissue engineering and organic electronics. [1] [2] [3] [4] [5] Collagen is the main component of connective tissues and is the most abundant protein in mammals, making up about one third of the whole-body protein content. Investigation of the physicochemical properties of collagen fibrils at the nanoscale is important for better understanding of the collagen structure effect on cell-cell and cell-matrix communication, growth and repair of connective tissues, and biomechanical properties of calcified tissues. Discovery of the switchable ferroelectric polarization in ultrathin films of PVDF-TrFE (Ref. 6 ) has generated a lot of interest in the scaling behavior in ferroelectric copolymers and their use in all-organic memory and mass data storage devices. 7 Obviously, progress in fundamental studies and technological applications of organic polymer materials depend on the ability of testing their structural and functional properties at nanoscale.
In this work, high-resolution orientational imaging of nanostructured ferroelectric polymers of PVDF-TrFE and collagen fibrils has been performed by means of piezoresponse force microscopy (PFM). 8 In PVDF-TrFE, combination of vertical (out-of-plane) and lateral (in-plane) PFM imaging (VPFM and LPFM, respectively) allows 3D reconstruction of polarization and shows strong azimuthal variations in the lateral PFM signal due to the alignment of the molecular chains along different directions. Further, local switching in PVDF-TrFE is shown to proceed by rotation of dipoles dependent upon the strength of applied electric field. Analysis of the vertical and lateral PFM signals in collagen reveal polar anisotropy of the electromechanical properties along the axes of the fibrils. Modeling of the observed vertical and lateral PFM signals has been carried out by constructing the 3D surface plots of the effective piezoelectric responses for model cantilever-sample geometries.
II. EXPERIMENTS
Highly crystalline ultrathin films of ferroelectric copolymer P(VDF-TrFE) with a molar content ratio of 80:20 and of thickness 3 and 12 monolayers (ML) have been fabricated on highly doped (0.001-0.005 X*cm) silicon substrates using a horizontal Schaefer variation of the LangmuirBlodgett (LB) transfer technique. A Langmuir layer was dispersed on an ultrapure water subphase from a 0.05% solution of P(VDF-TrFE) in dimethyl sulfoxide. The Langmuir layer was transferred to silicon substrate by horizontal dipping at a constant subphase surface pressure of 5 mN=m and temperature of 25 C. After deposition, 3 ML films were annealed at 135 C (12 ML at 150 C) for a period of 90 min with subsequent cooling to room temperature at a rate of 1 C=min in a microprocessor-controlled forced air oven. 9 Collagen fibrils were prepared wet on a metal disk and dried with a stream of filtered air. Further details of collagen sample preparation can be found elsewhere. 10 A commercial atomic force microscope (Asylum MFP-3 D) was used in this study. PFM imaging 8 has been performed by using a high-frequency modulating voltage (400-800 kHz, 1.0-1.5 V) to a conductive probe (Pt-Ti-coated Si cantilevers from Mikromasch and Au-coated SiN cantilevers from Olympus).
III. RESULTS AND DISCUSSION
A. Orientational polarization detection in nanostructured PVDF-TrFE co-polymers
The fact that these PVDF-TrFE nanostructures can be electrically switched between two stable polarization states makes them suitable for data storage devices with ultrahigh integration densities in the range of 33 Gb=in 2 . 13 In general, morphology and crystallographic orientation of PVDF-TrFE copolymer films can be controlled by annealing conditions and a choice of the substrate material.
14-16 Self-assembling is an alternative, bottom-up approach of producing nanostructured PVDF-TrFE films by utilizing the dynamical instabilities developing during the crystallization process. Annealing of the initially continuous ultrathin LB films of P(VDF-TrFE) copolymers results in the spontaneous appearance of isolated highly crystalline nanomesas with the lateral dimensions in the range from 100 nm to 500 nm. 17 The topographic image in Fig. 1 images of nanomesas associated with the out-of-plane component of polarization. Contrast variations in the VPFM phase image are due to the presence of a number of domains in the as-grown nanomesas with an average domain size of approximately 30-40 nm, which is in agreement with previously reported results. 18 Dark and bright contrast in the VPFM-p image indicates an upward and downward polarization, respectively. A saturated signal in the VPFM-a map suggests that polymer chains are lying parallel to the substrate and that there is no or very little variations in the molecular arrangement across the nanomesas thickness.
To get more detailed information about spatial arrangement of polarization, combined vertical and lateral PFM measurements of individual nanomesa in Fig. 2(a) have been carried out. During imaging, the scanning direction was always perpendicular to the cantilever axis. A sketch in Fig. 2(b) illustrates an alignment of dipoles in the crystal structure of PVDF-TrFE, which are at 30 to the plane normal. This alignment, which corresponds to a [110] crystalline orientation determined by X-ray diffraction of similar nanomesa arrays, provides an explanation for the piezoresponse amplitude and phase map acquired in the VPFM and LPFM modes (Figs. 2(c)-2(f)). It also allows reconstruction of molecular chain orientation for domains with specific geometry. In Fig. 2 , a region marked by the ellipse shows elongated domains, which exhibit a high VPFM-a contrast ( Fig. 2(c) ). This high contrast is apparently associated with the out-of-plane component of polarization implying that the nanomesa is composed of molecular chains aligned parallel to the substrate. Finding the orientation of the out-of-plane polarization from the VPFM-p image ( Fig. 2(e) ) is fairly simple and is shown in Fig. 2(g ). The corresponding LPFM-a image, which is due to the torsion of the cantilever and is typically associated with the in-plane polarization, is shown in Fig. 2(d) . Elongated domains aligned almost parallel to the cantilever axis appear with a high lateral piezoresponse signal, while no LFPM-a response can be seen from domains with the axis almost orthogonal to the cantilever. This can be understood simply by taking in to account the orientation of the cantilever axis with respect to orientation of PVDF-TrFE chains.
The LPFM signal arises due to the polarization vectorP making an angle of 6 30 or 6 150 with [010] crystallographic axis (b-axis) of the PVDF-TrFE crystal. 19 For domains with the high LPFM-a response, the in-plane polarization should be orthogonal to the cantilever axis. Furthermore, it can be concluded that in this case the cantilever is aligned parallel to the C-C molecular chains. The situation is opposite for domains that do not show LPFM contrast: their in-plane component is parallel to the cantilever axis (and therefore they do not excite the torsional mode), while molecular chains making up these domains are orthogonal to it. Figure 2 (h) shows the deduced in-plane polarization distribution and molecular chains are sketched in Fig. 2(a) . It is reasonable to assume that these domains correspond to nanocrystalline lamellae.
Figure 3(a) shows morphology of 12 ML thick PVDFTrFE film, which consists of needle-like grains. These needle-like grains, while similar to previously reported ones, 20 are comparatively larger: approximately 200-300 nm in width and few microns in length. The PFM maps of one of the needles (Fig. 3(b) ) are shown in Figs. 3(c)-3(f). Alignment of this particular grain parallel to the cantilever axis makes interpretation of the PFM images much easier. As before, a strong VPFM response and a very weak LPFM response can be attributed to the folding of the C-C molecular chains along the breadth of the needle-like grains as shown schematically by the curved lines in Fig. 3(b) . In this configuration, buckling of the cantilever due to the in-plane polarization may contribute to the VPFM response.
Combined VPFM-LPFM imaging provides an opportunity to get an insight into the mechanism of local polarization reversal in PVDF-TrFE under the effect of a tip-generated electric field. A voltage pulse (-6 V, 1 s) was applied to the grain in Fig. 4(a) . Phase images acquired in the lateral and vertical PFM modes before and after pulse application are shown in Figs. 4(c)-4(f). As can be seen, VPFM phase changes contrast indicating the reversal of outof-plane component of the polarization over a fairly large region, while the LPFM phase appears to be nearly the same as before. This behavior can be interpreted as switching due to 120 dipole rotation about the molecular chain, where the out-of-plane polarization component is reversed, but the inplane component is not (Fig. 4(b) ).
Since the tip-generated field also has an in-plane component, it would be reasonable to assume that the local switching can also proceed by 180 flipping of dipoles if the applied field is strong enough. We found this to be the case from results shown in Fig. 5 . Application of the À8 V, 1 s voltage pulse to the grain results in the change of both VPFM and LPFM contrasts indicating the reversal of both out-of-plane and in-plane component of the polarization over a fairly large region. These changes in PFM maps are indicative of polarization vector flipping (rotation by 180 ) about the chain axis as shown in Fig. 5(b) .
Additional insight into the spatial arrangement of polarization can be obtained from the description of the electromechanical response as a function of the angle between crystallographic axis and the direction of the modulating (imaging) electric field. 21 The electromechanical properties of all piezoelectric materials are determined by the piezoelectric tensor with elements d 0 ij determined in the crystal coordinate system. The transformation of the piezoelectric tensor d 0 ij to the piezoelectric tensor d ij in the laboratory coordinate system is carried out by three Euler rotation angles ðu; h; wÞ and expressed by equation of the form:
where N ij and A ij are the rotation matrices.
22-25
Ferroelectric polarization in PVDF-TrFE arises from alignment of molecular dipoles formed by positive hydrogen ions and negative fluorine ions as shown in Fig. 2(b) . In the crystalline b-phase, molecules tend to pack parallel to each other forming a quasi-hexagonal orthorhombic structure with "m2m" point group. 26 For PVDF-TrFE, the piezoelectric tensor d 
Using Eq. (1), the element d 33 of piezoelectric tensor in the laboratory coordinate system can be written as
In this case, the crystal structure of PVDF-TrFE is not rotationally invariant, and therefore d 33 depends on both ðu; hÞ and d 34 , d 35 depend on all three Euler rotation angles ðu; h; wÞ. As a result, the equations for d 33 , d 34 , and d 35 are quite tedious. In previous studies, [21] [22] [23] only the crystal systems with rotational invariance has been analyzed. In our case to simplify the consideration and to find dependence as a function of ðh; wÞ, we can look at surface plots of the effective d 33 
For the in-plane response, using Eqs. (1) and (2) .) As can been seen, the d 33 value peaks at h ¼ 0 ( Fig. 6(a) ) and is symmetric relative to angle w. This is consistent with the strong VPFM signal observed over the nanomesa surface, indicating the polarization vectorP aligned at a small angle to film normal. The in-plane polarization component along the axis of the cantilever (longitudinal component) may cause bucking of the cantilever and thus contribute to the vertical piezoresponse. This may explain the slight variations in VPFM amplitude over the nanomesa surface in Fig. 2(c) . Note that for any other value of u, the effective d 33 always peaks at h ¼ 0 . 
, i.e., in the direction perpendicular to the chain axis. This case would correspond to "head-to-head" and "tail-to-tail" configurations, which are energetically unfavorable. So for most cases, description of the LPFM for small values of u is the best approximation of real domain configurations.
B. Orientational imaging of electromechanical properties of collagen fibrils
Over the last several years there has been an increasing interest in application of PFM to structural and functional imaging in biological materials. New imaging capabilities offered by PFM have resulted in breakthrough results ranging from detection of piezoelectricity in a butterfly wing to realspace imaging of electromechanically active protein fibrils in calcified and connective tissues-accomplishments unattainable by other experimental techniques. [30] [31] [32] [33] Collagen-type proteins represent a key structural component of biological materials and systems. Assessment of the relationship between piezoelectric properties and molecular structure of proteins is an important step toward the understanding of the physico-chemical properties of biological systems and development of biologically inspired materials and devices. 34 Here, we demonstrate high-resolution PFM examination of collagen type I at the level of an individual collagen fibril. By analyzing the orientational dependence of the electromechanical response in the controlled PFM probe-fibril geometry we unveil anisotropy of structural properties along the fibril axis.
Collagen fibrils consist of microfibrils and each microfibril consists of five strands of tropocollagen molecules. 35 Tropocollagen sub-units spontaneously arrange themselves under physiological conditions into staggered array structures, stabilized by numerous hydrogen and covalent bonds. Quasi-hexagonal symmetry of collagen structure implies the presence of a polar direction along the fibril axis, 36 which explains almost no contrast in the LPFM mode. Indeed, for a fibril axis at an angle w to the axis of the cantilever, the lateral response will be given as d 
The effective piezo-coefficients d 33 , d 34 , and d 35 can be written as follows: 
The equations are rotationally invariant with respect to angle u of rotation about the fibril axis and for h ¼ 90 can be reduced to d 33 38 Figure 9 illustrates the fact that morphologically similar collagen fibrils can have opposite polar orientations. Further PFM studies of collagen fibrils at different structural levels will provide a better understanding of the relationship between their electromechanical response and molecular structure.
IV. CONCLUSION
In summary, we have carried out orientational imaging of polarization distribution in nanostructured ferroelectric copolymer of PVDF-TrFE and collagen fibrils using vertical and lateral modes of PFM. In PVDF-TrFE, high-resolution imaging of in-plane and out-of-plane components of polarization allowed delineation of the molecular chains orientation within individual grains. It has been shown that depending on the field strength, local switching in PVDFTrFE can proceed either by 120 or 180 dipole rotation about the molecular chain. In collagen, analysis of the vertical and lateral PFM signals revealed polar anisotropy of the electromechanical properties along the axes of the fibrils. Surface plots of the effective piezocoefficients have been generated for both material systems to explain the observed piezoresponse maps. High-resolution PFM imaging along with the interpretation of the acquired piezoresponse maps of collagen fibrils in terms of orientation-dependent molecular properties provides a crucial insight into the structure-property relationship of the biological materials. The obtained results provide a basis for the experimental methods that will further our understanding of the electronic properties of synthetic polymers and physiological functionality of natural biopolymers. 
